Many insects can reach the diapausing stage with sufficient time to accumulate more metabolites in virtue of photoperiodic regulation. The present study investigated the effects of photoperiod on the larval development, pupal diapause induction and accumulation of metabolites under conditions of 25°C combined with long days (16L : 8D and 14L : 10D) and short days (12L : 12D, 10L : 14D and 8L : 16D) in the swallowtail, Sericinus montelus. All pupae entered diapause under short days but developed without diapause under long days. The average developmental periods of larvae (less than 19 days) under long days were shorter than those (greater than 20 days) under short days. Dry-weights of feculae in the larval stage under short days were significantly greater than those under long days. Average weights of pupae obtained under short days were significantly greater than those under long days in terms of fresh and dry weight. However, the water content of pupae showed a reverse tendency. Average contents of lipids of pupae obtained under short days were significantly higher than those obtained under long days except for the female obtained under 8L : 16D. Carbohydrate analysis revealed similar results except for the male obtained under 8L:16D. No significant differences were found in the analysis of proteic substances. We concluded that photoperiods associated with diapause induction caused more accumulation of metabolites during the prediapause period in this species.
INTRODUCTION
Photoperiod is a major factor influencing the seasonal cycles of insects, especially in the temperate zone, because it is the most regular and therefore provides the most reliable long-term cue to future conditions. Photoperiodic effects have been revealed extensively on diapause induction, maintenance and termination in insect species. Many insects, by virtue of photoperiodic regulation, can cease their growth and development in time to avoid the unfavorable effects of seasonal exigencies and reach the diapausing stage with sufficient time to make the metabolic, physiological, and other preparations for adverse seasonal conditions (Tauber et al., 1986; Danks, 1987; Saunders, 2002) . In some cases, the developmental rate of the insect is accelerated by the diapause-inducing photoperiod, e.g. in the spring ground cricket, Pteronemobius nitidus (Tanaka, 1979) , the sod webworm, Crambus tutillus (Kamm, 1972) and the linden bug, Pyrrhocoris apterus (Saunders, 1983) . In contrast, short days cause some species to decelerate their rate of growth and extend their feeding period prior to diapause (Denglinger, 1972; Tauber et al., 1986; Ishihara, 2000; He et al., 2004) .
Sufficient accumulation of metabolic reserves before diapause is necessary for an insect to survive during diapause, because even a low metabolism can draw heavily on energy reserves (Ellers and van Alphen, 2002) . Within species, diapausing individuals are commonly found to be larger than directly developing ones (Tauber et al., 1986; Nylin and Gotthard, 1998) . Longer feeding in the preceding stage(s) of diapause may permit a greater size, a potential prerequisite for survival during diapause (Danks, 2002) , e.g. in the khapra beetle, Trogoderma granarium (Aggarwal et al., 1981) and Effect of photoperiod associated with diapause induction on the accumulation of metabolites in Sericinus montelus (Lepidoptera: Papilionidae) the cabbage root fly, Delia radicum (Johnsen and Gutierrez, 1997) . Photoperiodic effects on accumulation of metabolites before diapause have been reported in few insect species (Henrich and Denlinger, 1982; Pieloor and Seymour, 2001) , and the diapause-inducing photoperiods increase the accumulation of metabolites. The processes of accumulation of metabolites have not been comprehensively investigated in insect species, especially in the same one, whereas this is crucial for analyzing the post-diapause life history traits and understanding the seasonal cycles of an insect species (Tauber et al., 1986; Nylin and Gotthard, 1998; Fischer and Fiedler, 2001; Ellers and van Alphen, 2002; Wang et al., 2006) .
The swallowtail, Sericinus montelus Gray (Lepidoptera: Papilionidae) is an endemic species of East Asia, distributing in China, Russia and Korea (Wu, 2001) . Its adults exists sexual dimorphism (Wu, 2001) . The larvae of S. montelus feed on the leaves and stems of Aristolochia debilis and A. contorta (Wu, 2001; Luo et al., 2005; Yang et al., 2007) , and sometimes it is controlled as a pest of these Chinese traditional medicines in China (Zhou, 1998) . In China, S. montelus can complete 2 generations in Northern Heilongjiang Province (Luo et al., 2005) , 3-4 generations in the region of Beijing (Wu, 2001) , and 6 generations from April to September and overwinter as pupae from the end of September to the end of March of the following year in Wuhan, Hubei Province, China (Yang et al., 2007) . Previous studies have indicated that pupal diapause is induced by the photoperiod during the larval stage in the population of S. montelus introduced into Japan (Tani, 1994) , and wing and body sizes of adults of the overwintering generation (winter form) are smaller than those of other generations (summer form) in this species (Luo et al., 2005) . In the region of Wuhan, the diapausing pupae must experience a long term of mild temperature (the mean temperatures of October and November are about 17.7 and 11.4°C, respectively) before winter and the metabolic reserve will be heavily consumed, because diapause is induced in September (the mean temperature is about 23.4°C). We assume that the seasonal polymorphism of adults, i.e. winter form is smaller than summer form, might be related to the accumulation of metabolites in the prediapause stages and consumption of metabolites during diapause. Therefore, the accumulation of metabolites in non-diapause and diapausing pupae is the key to understanding the seasonal polymorphism of adults of S. montelus.
In the present study, we investigated the effects of photoperiods on the larval developmental period, pupal diapause induction and accumulation of metabolites in S. montelus.
MATERIALS AND METHODS
Experimental insects. The native population of S. montelus was collected from Jiangxia County, Hubei Province, P. R. China (114°19ЈE, 30°33ЈN). Host plant A. debilis was cultured in the field for feeding of larvae and ovipositing of adults. The egg masses collected with leaves were used in the experiments (Yang et al., 2007) .
Experimental arrangement. All rearing experiments were conducted at 25°C combined with long days (16L:8D and 14L:10D) and short days (12L:12D, 10L:14D and 8L:16D), and carried out in a climate cabinet (SPX-250IC, Boxun Medical Instrument Manufacturer of Shanghai, Shanghai) equipped with three fluorescent 30 W tubes. The light intensity was about 1.97 W · m Ϫ2 , variation of temperatures was Ϯ1°C, and relative humidity was about 70Ϯ10%. All treatments in one experiment were kept in one climate cabinet in order to expose them to the same temperature. The scotophase was controlled manually by enclosing the containers in opaque hoods.
About 25 newly hatched larvae were reared with fresh leaves of A. debilis in a transparent plastic container (15.0 cm wide at base and 7.5 cm deep), and checked for pupation and emergence on a daily basis. The living pupae which did not emerge within 15 days were regarded as diapausing, because the mean developmental period of non-diapause pupae was approximately 10 days at 25°C (Yang et al., 2007) . In the rearing for developmental periods of the larval stage, the time and numbers of pupation were recorded at 12 h intervals and the checking started at 15 days after hatching. Each treatment was replicated with 6-8 containers for diapause determination and 3-4 containers for larval developmental periods.
Ten newly hatched larvae were reared with fresh leaves of A. debilis in a container, and the feculae of larvae were collected on daily basis until all lar-vae pupated (no larvae died). The feculae were dried at 80°C for 24 h and weighed. Each treatment was replicated with 3 containers. Two-day-old pupae obtained under above conditions were sexed and weighed one by one. Identification of pupal sex was made through the genital opening of the female in this species. The pupae were then dried at 80°C for 24 h and weighed again. Fresh weight, dry weight, and water content of male and female pupae were calculated respectively. Each treatment was replicated with 2-3 containers.
Fresh and dry weights of 30 two-day-old female or male pupae (one group) obtained under the above conditions was measured. Dried pupae were then broken into pieces for chemical analysis. Each treatment was replicated with 3 groups. The content of total lipids was determined by the Folch method (Folch et al., 1957) , the protein concentration by the Kjeldahl nitrogen determination method (Labconco Corporation, 1988) and the content of carbohydrate by the anthrone colorimetric method (Dubois et al., 1956) .
Statistical analysis. Data were analyzed by ANOVA using the procedure of SPSS (SPSS Inc., Chicago, Illinous, USA). The data of water contents were arcsine square root transformed prior to analysis. Means were compared using Tukey's test at pϽ0.05. Data of the mean temperature per month used in the text were the mean values of Wuhan from 1971 to 2000, and obtained from National Meteorological Information Centre of China.
RESULTS
At 25°C, all pupae entered diapause under short days (12L:12D, 10L:14D and 8L:16D), whereas 100% of pupae developed without diapause under long days (16L:8D and 14L:10D) ( Table 1) . Larval developmental periods were influenced by the photoperiods (dfϭ4, 351; Fϭ36.066; pϽ0.01). Average developmental periods of larvae at 25°C were less than 19 days under long days but greater than 20 days under short days (Table 1) . Dry-weights of feculae in the larval stage under short days were significantly greater than those under long days (dfϭ4, 14; Fϭ17.249; pϽ0.01) (Fig. 1) .
Average weights of pupae obtained under short days were significantly greater than those under long days in terms of fresh weight except for male pupae under 10L:14D (dfϭ4, 126; Fϭ24.481; pϽ0.01 for female; dfϭ4, 155; Fϭ29.820; pϽ0.01 for male) and dry-weight (dfϭ4, 126; Fϭ75.806; pϽ0.01 for female; dfϭ4, 155; Fϭ49.961; pϽ0.01 for male) ( Fig. 2A, B) . However, the water content of pupae showed a reverse tendency (Fig. 2C) . Pupae obtained under long days had a clearly higher average water content compared with pupae obtained under short days (dfϭ4, 126; Fϭ234.352; pϽ0.01 for female; dfϭ4, 155; Fϭ80.338; pϽ0 .01 for male).
Chemical analysis indicated that accumulation of substances in S. montelus differed among different photoperiods (Fig. 3) . The average contents of total lipids of pupae obtained under short days were significantly higher than those obtained under long days, except for the female pupae obtained under 8L:16D and the male pupae obtained under 
DISCUSSION
Photoperiodic control of diapause induction has been investigated in many insect species, and short days commonly induce winter diapause in the long-day species, especially in the temperate zone (Tauber et al., 1986; Danks, 1987; Saunders, 2002) . At 25°C, all pupae entered diapause under short days and developed without diapause under long days in S. montelus (Table 1 ). In the field, S. montelus reproduced from April (16.8°C) to September (23.4°C) continuously and overwintered as pupae from the end of September to the end of March of the following year (Yang et al., 2007) . 422 X. WANG et al. Winter diapause was induced before the end of September in this region, i.e. diapause was induced at a moderate temperature of about 23°C in this species. All these results showed that this species was a long day species and photoperiod played a crucial role in the determination of pupal diapause, although the present results were obtained only at 25°C. Our results were consistent with the report of Tani (1994) .
Short days caused some species to decelerate their rate of growth and extend their feeding period prior to diapause, e.g. in the sarcophagid fly, Sarcophaga argyrostoma (Denglinger, 1972) , the willow leaf beetle, Plagiodera versicolora (Ishihara, 2000) and the lygaeid, Nysius huttoni (He et al., 2004) . Our results were similar to those. Developmental periods of larvae under short days were longer than those under long days. However, the developmental periods of larvae did not differ among different short or long days (Table 1) . Within species, diapausing individuals were commonly found to be larger than directly developing ones (Nylin and Gotthard, 1998) , e.g. in the butterfly, Lycaena tityrus (Fischer and Fiedler, 2001 ). In S. montelus, the average weights of pupae obtained under short days were significantly greater than those under long days in terms of fresh weight and dry-weight (Fig. 2) . The differences of pupal weight between short and long days were easy to understand, because the longer larval developmental period permitted larvae to feed more and subsequently the pupae overwintered at a greater size (Johnsen and Gutierrez, 1997) . Greater dry-weight of feculae in the larval stage might be caused by the longer larval development period under short days (Fig. 1) , because the excreted amount could reflect the feeding amount in insects at a certain extent. High instar could feed on greater amount of food plant in one day, though the differences of developmental periods did not exceed 2 days. However, we could not exclude the contribution of other factors, especially the alternative metabolic pathways to build up reserves (Tauber et al., 1986) . Whatever happened, a greater accumulation of metabolic reserves ensured that the pupae overwintered safely from the end of September to the end of March of the following year in this species in this region (Yang et al., 2007) .
Previous studies have indicated that lipids, proteins and carbohydrates are the energy resources for diapause, post-diapause development and oviposition, but the types of reserves show considerable variation in insects (Tauber et al., 1986; Ellers and van Alphen, 2002) . In S. montelus, the contents of total lipids and carbohydrates of pupae obtained under short days were significantly higher than those obtained under long days, whereas the contents of proteic substances of pupae did not differ among different photoperiods (Fig. 3) . These results indicated that lipids and carbohydrates were the main metabolic reserves of the diapausing pupae in this species. However, the components of these metabolic reserves, their roles and changes in diapause and post-diapause stages needed to be further determined.
In conclusion, the developments of larvae were delayed under short days (12L:12D, 10L:14D and 8L:16D), and all individuals subsequently entered pupal diapause in S. montelus. Longer feeding and greater feeding amount during the prediapause period caused more accumulation of metabolic reserves in diapausing pupae in terms of lipids and carbohydrates in this species.
